Introduction {#S0001}
============

Among a number of factors that affect aerobic capacity, two are of fundamental importance: oxygen transport to skeletal muscles via the cardiovascular system and oxygen consumption \[[@CIT0001]\]. Those factors are often implemented as indices in an assessment of physical performance in athletes \[[@CIT0002]\]. On the other hand, efficient oxygen transport to tissues is further determined by heart size, amount of haemoglobin in the blood circulation system and blood volume (BV) \[[@CIT0001], [@CIT0003], [@CIT0004]\]. For this reason, a high level of total haemoglobin mass (tHb-mass) and high BV are necessary to reach high aerobic capacity \[[@CIT0004], [@CIT0005]\]. An increase in tHb-mass by 1 g causes a rise in VO~2~max by ca. 4 ml/min \[[@CIT0006]\], whereas higher BV, through the increase in PV and/or increase in erythrocyte mass, leads to an increase in stroke volume and cardiac output, which also results in higher VO~2~max (a difference in BV of 1.0 ml causes a change in VO~2~max by 0.7 ml/g ˙ min) \[[@CIT0007]\]. The close relationship between aerobic capacity indices, tHb-mass and/or BV is confirmed by the results of numerous studies \[[@CIT0003], [@CIT0008]--[@CIT0011]\]. However, such dependency is not observed for blood haemoglobin concentration \[[@CIT0012]--[@CIT0015]\]. Despite of that, haemoglobin concentration together with other biochemical indices expressed as concentration is commonly used in sports diagnostics \[[@CIT0016]--[@CIT0018]\].

The results of the studies show that tHb-mass in endurance athletes is considerably higher than in untrained subjects or people with a low level of fitness. The level of this index in elite endurance athletes calculated per body mass might be even by 40--50% higher than in the untrained \[[@CIT0007], [@CIT0011]\]. The results also indicated that tHb-mass varied in different elite endurance athletes, which might be caused by a number of factors, with particular focus on specificity of sport \[[@CIT0010]\], level of fitness of the athletes \[[@CIT0019]\], age \[[@CIT0020]\], training load at the time of the measurement \[[@CIT0021]\] and genetic factors \[[@CIT0019]\]. This was confirmed in a study by Heinicke *et al*. \[[@CIT0010]\] where tHb-mass ranged from 13.2 in swimmers to 15.4 g/kg body mass in professional cyclists.

The impact of exercise alone on increase in tHb-mass has not been so far precisely identified. It is generally accepted that regular training regimes of endurance character in sea level conditions cause both cardiac and haematological adaptations, with highly trained subjects exhibiting insignificant increases in tHb-mass ranging from 2% to 4.4% \[[@CIT0007], [@CIT0021]\].

A review of the literature concerning the evaluation of tHb-mass as well as BV, PV and erythrocyte volume (RCV) in athletes reveals that a number of sport disciplines, even those of an endurance type, have not yet been characterized in terms of the above indices. Furthermore, few studies have compared these indices in endurance and non-endurance sports, which is a limiting factor in comparison of tHb-mass in athletes at a high level of fitness who perform exercise of different character.

Therefore, the aim of the study was to compare total haemoglobin mass, and volumes of blood, plasma, and erythrocyte mass in athletes training in different sport disciplines in relation to commonly used blood morphology indices.

Material and methods {#S0002}
====================

Subjects {#S20003}
--------

One hundred and seventy-six athletes (both male and female) from different endurance sports (i.e. cross-country skiing, middle and long distance running, modern pentathlon, and Nordic combined) and combat sports (judo) volunteered for the study. Most of the study participants were national elite athletes and members of national senior or junior teams. All the tested subjects were informed in detail about the risk inherent in participation in the study, which they confirmed with a signature in the presence of a witness. In the case of under-aged people, the consent was given by one of their legal guardians. Although all the subjects had current medical certificates that confirmed the lack of contraindications for practising competitive sports, the subjects were given a medical examination in order to exclude individuals who on the day of the study showed symptoms of infectious or cardiovascular diseases. The study was approved by the local Research Ethics Committee and conformed to the standards set by the Declaration of Helsinki.

Study design {#S20004}
------------

The study consisted of three stages performed on one day in the following order: venous blood sampling, anthropometric measurements, evaluation of tHb-mass.

Venous blood sampling and analysis {#S20005}
----------------------------------

The blood samples were withdrawn from the antecubital vein in the morning in the fasting state after staying at least 15 min in a sitting position. Haemoglobin concentration (Hb), haematocrit (Hct), red blood count (RBC), and percentage of reticulocytes (Ret) were determined by using an ADVIA 120 haematological analyser (Siemens, Germany).

Anthropometric measurements {#S20006}
---------------------------

The anthropometric measurements encompassed body height and mass and thickness of four skinfolds (biceps, triceps, subscapular and suprailiac). They were taken by the same experienced researcher. Based on the obtained results, body composition (body fat and fat-free mass \[FFM\]) was evaluated \[[@CIT0022]\].

tHb-mass and blood volume indices {#S20007}
---------------------------------

A method based on carbon monoxide rebreathing was employed. A detailed description of this method was given in publications by its authors \[[@CIT0023], [@CIT0024]\]. Briefly, in order to stabilize PV, the subjects remained in a sitting position for at least 15 min before the test and then they were connected to a spirometer (Blood tec, GbR, Germany) filled with 3--4 l of medical oxygen. After a maximum exhalation, the subjects were instructed to make a full inhalation, where they obtained a CO bolus in the amount of 1.0 ml/kg body mass (BM) for males and 0.8 ml/kg BM for females in the case of endurance athletes and 0.8 ml/kg BM for males and 0.7 ml/kg BM for females in judoists, and then hold their breath at the peak inhalation for 10 s. Immediately afterwards, the subjects respired naturally through the spirometer for 1 min 50 s. Samples of the arterialized capillary blood (Finalgon^®^, Boehringer Ingelheim, Germany) were taken from the earlobe three times: directly before the test and in the 6^th^ and 8^th^ min after the respiration through the spirometer was started. Measurements of the percentage value of carboxyhaemoglobin (HbCO%) (ABL 80 Flex, Radiometer, Denmark) were performed in triplicate samples before the test and in the 8^th^ min, and in duplicate samples in the 6^th^ min of the study. The remaining CO concentration in the lungs and the spirometer was measured by a portable carbon monoxide analyser (Dräger Pac^®^7000, Germany). The same analyser was used to check whether any leak of CO was present during respiration through the spirometers. Special computer software (Blood Volume Measurement: SpiCO^®^; Blood tec, Bayreuth, Germany) was employed to calculate tHb-mass and BV indices. The typical error (TE) in our laboratory with 9 duplicated measures (1--5 days lag between the test), established 1 month before the present study, was 1.37%.

Statistical analysis {#S20008}
--------------------

All the data are presented as means and standard deviations, and were analysed using the Statistica 10 software package (StatSoft Inc., Tulsa, USA). Inter-group differences between the mean values separately for males and females were determined by one-way analysis of variance (ANOVA). If statistically significant differences were observed, a post-hoc Bonferroni analysis was performed. The statistical significance was set at *p* \< 0.05.

Results {#S0009}
=======

Characteristics of subjects {#S20010}
---------------------------

The physical characteristics of subjects, separated by gender and sports, as well as basic data concerning sports experience and training load, are shown in [Table I](#T0001){ref-type="table"}.

###### 

Subject characteristics (mean ± SD)

  Variable                                           *N*   Age \[years\]                                        Body height \[m\]                                     Body mass \[kg\]                                          Body fat \[%\]                                         Fat free mass \[kg\]                                     Sports experience \[years\]                             Training/week \[h\]
  -------------------------------------------------- ----- ---------------------------------------------------- ----------------------------------------------------- --------------------------------------------------------- ------------------------------------------------------ -------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------
  **Males**                                                                                                                                                                                                                                                                                                                                                                                             
  Cross-country skiing \[[@CIT0001]\]                20    19.3 ±1.9^\[[2](#TF0001){ref-type="table-fn"}\]^     1.79 ±0.04                                            73.3 ±3.3^\[[2,3](#TF0001){ref-type="table-fn"}\]^        10.7 ±2.2^\[[5](#TF0001){ref-type="table-fn"}\]^       65.8 ±3.0^\[[2,3](#TF0001){ref-type="table-fn"}\]^       8.2 ±2.7^\[[2,3](#TF0001){ref-type="table-fn"}\]^       17.6 ±6.5^\[[3,4](#TF0001){ref-type="table-fn"}\]^
  Judo \[[@CIT0002]\]                                34    22.7 ±4.1^\[[1,3](#TF0001){ref-type="table-fn"}\]^   1.80 ±0.07                                            86.8 ±13.9^\[[1,3,4,5](#TF0001){ref-type="table-fn"}\]^   12.9 ±4.5^\[[3,4,5](#TF0001){ref-type="table-fn"}\]^   75.0 ±9.4^\[[1,3,4,5](#TF0001){ref-type="table-fn"}\]^   13.6 ±4.1^\[[1,3,4](#TF0001){ref-type="table-fn"}\]^    14.3 ±5.6^\[[4,5](#TF0001){ref-type="table-fn"}\]^
  Middle- and long-distance running \[[@CIT0003]\]   21    17.7 ±0.8^\[[2](#TF0001){ref-type="table-fn"}\]^     1.77 ±0.06                                            63.4 ±5.9^\[[1,2,4](#TF0001){ref-type="table-fn"}\]^      9.1 ±1.6^\[[2](#TF0001){ref-type="table-fn"}\]^        57.6 ±5.4^\[[1,2,4](#TF0001){ref-type="table-fn"}\]^     3.4 ±1.1^\[[1,2,4,5](#TF0001){ref-type="table-fn"}\]^   10.9 ±2.1^\[[1,4,5](#TF0001){ref-type="table-fn"}\]^
  Modern pentathlon \[[@CIT0004]\]                   24    20.4 ±4.9                                            1.80 ±0.06                                            73.1 ±5.9^\[[2,3](#TF0001){ref-type="table-fn"}\]^        10.4 ±3.0^\[[2](#TF0001){ref-type="table-fn"}\]^       65.5 ±5.5^\[[2,3](#TF0001){ref-type="table-fn"}\]^       9.8 ±4.4^\[[2,3](#TF0001){ref-type="table-fn"}\]^       25.3 ±5.5^\[[1,2,3](#TF0001){ref-type="table-fn"}\]^
  Nordic combined \[[@CIT0005]\]                     8     20.7 ±3.7                                            1.78 ±0.04                                            63.8 ±5.7^\[[1,2](#TF0001){ref-type="table-fn"}\]^        6.6 ±2.4^\[[1,4](#TF0001){ref-type="table-fn"}\]^      59.6 ±4.8^\[[2](#TF0001){ref-type="table-fn"}\]^         10.6 ±3.2^\[[3](#TF0001){ref-type="table-fn"}\]^        20.6 ±4.4^\[[2,3](#TF0001){ref-type="table-fn"}\]^
  Total number                                       107                                                                                                                                                                                                                                                                                                                                                
  **Females**                                                                                                                                                                                                                                                                                                                                                                                           
  Cross-country skiing \[[@CIT0001]\]                20    20.5 ±3.8                                            1.67 ±0.05                                            58.5 ±5.1                                                 22.0 ±3.6                                              45.6 ±3.9                                                7.0 ±2.6^\[[2,4](#TF0001){ref-type="table-fn"}\]^       15.3 ±5.9^\[[3,4](#TF0001){ref-type="table-fn"}\]^
  Judo \[[@CIT0002]\]                                16    20.6 ±2.1                                            1.63 ±0.06^\[[3,4](#TF0001){ref-type="table-fn"}\]^   61.4 ±7.8^\[[3](#TF0001){ref-type="table-fn"}\]^          24.0 ±4.8^\[[3](#TF0001){ref-type="table-fn"}\]^       46.6 ±4.1                                                10.3 ±2.2^\[[1,3](#TF0001){ref-type="table-fn"}\]^      14.9 ±4.2^\[[3,4](#TF0001){ref-type="table-fn"}\]^
  Middle- and long-distance running \[[@CIT0003]\]   19    19.1 ±3.0                                            1.71 ±0.07^\[[2](#TF0001){ref-type="table-fn"}\]^     55.8 ±5.5^\[[2](#TF0001){ref-type="table-fn"}\]^          19.1 ±2.6^\[[2](#TF0001){ref-type="table-fn"}\]^       45.1 ±4.9                                                5.1 ±2.5^\[[2,4](#TF0001){ref-type="table-fn"}\]^       10.6 ±2.4^\[[1,2,4](#TF0001){ref-type="table-fn"}\]^
  Modern pentathlon \[[@CIT0004]\]                   14    20.4 ±4.2                                            1.70 ±0.07^\[[4](#TF0001){ref-type="table-fn"}\]^     57.5 ±3.8                                                 21.1 ±6.0                                              46.1 ±2.8                                                9.6 ±3.3^\[[1,3](#TF0001){ref-type="table-fn"}\]^       23.4 ±4.2^\[[1,2,3](#TF0001){ref-type="table-fn"}\]^
  Total number                                       69                                                                                                                                                                                                                                                                                                                                                 

Significant differences within male or female groups. Fat free mass was assessed using Durnin-Womersley method

Haemoglobin mass and blood, plasma and red cell volumes {#S20011}
-------------------------------------------------------

Mean relative values of tHb-mass and volume parameters, normalized to total body mass, are presented in [Table II](#T0002){ref-type="table"}. The mean values of tHb-mass calculated per kg body mass in the studied endurance sports were very similar and ranged from 10.4--10.6 g/kg BM in women to 12.8--13.1 g/kg BM in men. This index was significantly higher in endurance sports compared to the representatives of judo, both in female (by 12--14%, *p* \< 0.001) and male athletes (by 14--17%, *p* \< 0.001). Mean values of BV and RCV calculated per kg body mass (like tHb-mass) were similar in all endurance sports and significantly higher than in non-endurance sports, both in the groups of women and men. Mean values of PV were also significantly higher in both male and female endurance athletes compared to judokas of both genders, although significant differences were observed among female athletes of two endurance sports: the mean value of this parameter was significantly lower in female cross-country skiers compared to female modern pentathlon athletes.

###### 

Total hemoglobin mass and volume parameters normalized to body mass (mean ± SD)

  Variable                                           *N*   tHb-mass \[g/kg BM\]                                     Blood volume \[ml/kg BM\]                                Plasma volume \[ml/kg BM\]                               Erythrocyte volume \[ml/kg BM\]
  -------------------------------------------------- ----- -------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- --------------------------------------------------------
  **Males**                                                                                                                                                                                                                           
  Cross-country skiing \[[@CIT0001]\]                20    13.1 ±0.8^\[[2](#TF0002){ref-type="table-fn"}\]^         93.3 ±6.4^\[[2](#TF0002){ref-type="table-fn"}\]^         55.3 ±5.0^\[[2](#TF0002){ref-type="table-fn"}\]^         38.0 ±2.0^\[[2](#TF0002){ref-type="table-fn"}\]^
  Judo \[[@CIT0002]\]                                34    11.2 ±0.7^\[[1,3,4,5](#TF0002){ref-type="table-fn"}\]^   81.8 ±5.9^\[[1,3,4,5](#TF0002){ref-type="table-fn"}\]^   48.6 ±4.5^\[[1,3,4,5](#TF0002){ref-type="table-fn"}\]^   33.1 ±2.0^\[[1,3,4,5](#TF0002){ref-type="table-fn"}\]^
  Middle- and long-distance running \[[@CIT0003]\]   21    13.1 ±1.0^\[[2](#TF0002){ref-type="table-fn"}\]^         93.1 ±7.6^\[[2](#TF0002){ref-type="table-fn"}\]^         55.6 ±5.7^\[[2](#TF0002){ref-type="table-fn"}\]^         37.5 ±2.5^\[[2](#TF0002){ref-type="table-fn"}\]^
  Modern pentathlon \[[@CIT0004]\]                   24    12.8 ±0.7^\[[2](#TF0002){ref-type="table-fn"}\]^         94.0 ±5.8^\[[2](#TF0002){ref-type="table-fn"}\]^         56.4 ±4.5^\[[2](#TF0002){ref-type="table-fn"}\]^         37.7 ±2.2^\[[2](#TF0002){ref-type="table-fn"}\]^
  Nordic combined \[[@CIT0005]\]                     8     12.8 ±0.6^\[[2](#TF0002){ref-type="table-fn"}\]^         90.8 ±5.0^\[[2](#TF0002){ref-type="table-fn"}\]^         54.2 ±4.4^\[[2](#TF0002){ref-type="table-fn"}\]^         36.6 ±2.2^\[[2](#TF0002){ref-type="table-fn"}\]^
  Total number                                       107                                                                                                                                                                              
  **Females**                                                                                                                                                                                                                         
  Cross-country skiing \[[@CIT0001]\]                20    10.6 ±1.1^\[[2](#TF0002){ref-type="table-fn"}\]^         82.6 ±6.0^\[[2](#TF0002){ref-type="table-fn"}\]^         51.1 ±3.4^\[[2,4](#TF0002){ref-type="table-fn"}\]^       31.5 ±3.2^\[[2](#TF0002){ref-type="table-fn"}\]^
  Judo \[[@CIT0002]\]                                16    9.3 ±0.7^\[[1,3,4](#TF0002){ref-type="table-fn"}\]^      74.3 ±5.6^\[[1,3,4](#TF0002){ref-type="table-fn"}\]^     46.4 ±4.0^\[[1,3,4](#TF0002){ref-type="table-fn"}\]^     27.9 ±2.1^\[[1,3,4](#TF0002){ref-type="table-fn"}\]^
  Middle- and long-distance running \[[@CIT0003]\]   19    10.6 ±0.9^\[[2](#TF0002){ref-type="table-fn"}\]^         86.1 ±7.3^\[[2](#TF0002){ref-type="table-fn"}\]^         54.8 ±5.5^\[[2](#TF0002){ref-type="table-fn"}\]^         31.3 ±2.7^\[[2](#TF0002){ref-type="table-fn"}\]^
  Modern pentathlon \[[@CIT0004]\]                   14    10.4 ±0.9^\[[2](#TF0002){ref-type="table-fn"}\]^         86.9 ±7.9^\[[2](#TF0002){ref-type="table-fn"}\]^         55.8 ±5.5^\[[1,2](#TF0002){ref-type="table-fn"}\]^       31.1 ±2.7^\[[2](#TF0002){ref-type="table-fn"}\]^
  Total number                                       69                                                                                                                                                                               

tHb-mass -- total hemoglobin mass. BM -- body mass.

Significant differences within male or female groups

Mean relative values of tHb-mass and volume parameters, normalized to fat-free mass, are presented in [Table III](#T0003){ref-type="table"}. In endurance sports, tHb-mass/kg FFM did not differ significantly in either women or men. However, significant differences in tHb-mass/kg FFM were observed in judokas and cross-country skiers, middle and long distance runners and pentathlon athletes among men and between judokas and cross-country skiers among women.

###### 

Total hemoglobin mass and volume parameters normalized to fat free mass (mean ± SD)

  Variable                                           *N*   tHb-mass \[g/kg BM\]                                   Blood volume \[ml/kg BM\]                              Plasma volume \[ml/kg BM\]                             Erythrocyte volume \[ml/kg BM\]
  -------------------------------------------------- ----- ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------
  **Males**                                                                                                                                                                                                                     
  Cross-country skiing \[[@CIT0001]\]                20    14.6 ±1.0^\[[2](#TF0003){ref-type="table-fn"}\]^       103.7 ±7.2^\[[2](#TF0003){ref-type="table-fn"}\]^      61.4 ±5.5^\[[2](#TF0003){ref-type="table-fn"}\]^       42.2 ±2.4^\[[2](#TF0003){ref-type="table-fn"}\]^
  Judo \[[@CIT0002]\]                                34    12.9 ±0.9^\[[1,3,4](#TF0003){ref-type="table-fn"}\]^   94.1 ±6.4^\[[1,3,4](#TF0003){ref-type="table-fn"}\]^   55.9 ±4.5^\[[1,3,4](#TF0003){ref-type="table-fn"}\]^   38.2 ±2.8^\[[1,3,4](#TF0003){ref-type="table-fn"}\]^
  Middle- and long-distance running \[[@CIT0003]\]   21    14.4 ±1.0^\[[2](#TF0003){ref-type="table-fn"}\]^       102.3 ±7.7^\[[2](#TF0003){ref-type="table-fn"}\]^      61.2 ±6.0^\[[2](#TF0003){ref-type="table-fn"}\]^       41.2 ±2.6^\[[2](#TF0003){ref-type="table-fn"}\]^
  Modern pentathlon \[[@CIT0004]\]                   24    14.2 ±0.9^\[[2](#TF0003){ref-type="table-fn"}\]^       104.9 ±6.9^\[[2](#TF0003){ref-type="table-fn"}\]^      62.9 ±5.0^\[[2](#TF0003){ref-type="table-fn"}\]^       42.1 ±2.7^\[[2](#TF0003){ref-type="table-fn"}\]^
  Nordic combined \[[@CIT0005]\]                     8     13.7 ±0.7                                              97.1 ±4.4                                              58.0 ±4.4                                              39.1 ±2.0
  Total number                                       107                                                                                                                                                                        
  **Females**                                                                                                                                                                                                                   
  Cross-country skiing \[[@CIT0001]\]                20    13.6 ±1.3^\[[2](#TF0003){ref-type="table-fn"}\]^       105.9 ±7.8^\[[2](#TF0003){ref-type="table-fn"}\]^      65.5 ±5.0                                              40.3 ±3.6^\[[2](#TF0003){ref-type="table-fn"}\]^
  Judo \[[@CIT0002]\]                                16    12.2 ±1.0^\[[1](#TF0003){ref-type="table-fn"}\]^       97.5 ±7.1^\[[1,3,4](#TF0003){ref-type="table-fn"}\]^   60.8 ±4.6^\[[3,4](#TF0003){ref-type="table-fn"}\]^     36.7 ±3.2^\[[1](#TF0003){ref-type="table-fn"}\]^
  Middle- and long-distance running \[[@CIT0003]\]   19    13.1 ±1.2                                              106.6 ±9.2^\[[2](#TF0003){ref-type="table-fn"}\]^      67.8 ±6.7^\[[2](#TF0003){ref-type="table-fn"}\]^       38.8 ±3.7
  Modern pentathlon \[[@CIT0004]\]                   14    13.0 ±0.8                                              108.1 ±7.1^\[[2](#TF0003){ref-type="table-fn"}\]^      69.4 ±5.2^\[[2](#TF0003){ref-type="table-fn"}\]^       38.7 ±2.4
  Total number                                       69                                                                                                                                                                         

tHb-mass -- total hemoglobin mass. FFM -- fat free mass.

Significant differences within male or female groups

Mean values of BV, PV and RCV calculated per kg fat-free mass (similar to tHb-mass) did not differ in endurance sports or between judo and Nordic combined. In females mean values of above-mentioned indices did not differ within endurance sports. Blood volume differed significantly between the female judokas and the representatives of all three endurance sports, whereas PV differed between judo athletes and runners, as well as modern pentathlon athletes. Differences in RCV were found between judo and cross-country skiing.

Blood morphology indices {#S20012}
------------------------

Mean values of haemoglobin concentration, haematocrit, red blood cell count and percentage of reticulocytes are presented in [Table IV](#T0004){ref-type="table"}. Among the male athletes, regardless of the character of the sport, no significant differences in mean levels of Hb, Hct and RBC were observed.

###### 

Blood morphology indices (mean ± SD)

  Variable                                           *N*   Hb \[g/dl\]                                        Hct \[%\]                                            RBC \[10^6^/ml\]   Ret \[%\]
  -------------------------------------------------- ----- -------------------------------------------------- ---------------------------------------------------- ------------------ ---------------------------------------------------
  **Males**                                                                                                                                                                           
  Cross-country skiing \[[@CIT0001]\]                20    15.5 ±0.7                                          44.8 ±2.0                                            5.16 ±0.28         1.22 ±0.31
  Judo \[[@CIT0002]\]                                34    15.2 ±0.7                                          44.6 ±2.0                                            5.22 ±0.32         1.30 ±0.26^\[[3](#TF0004){ref-type="table-fn"}\]^
  Middle- and long-distance running \[[@CIT0003]\]   21    15.5 ±0.6                                          44.3 ±2.2                                            5.23 ±0.20         1.04 ±0.26^\[[2](#TF0004){ref-type="table-fn"}\]^
  Modern pentathlon \[[@CIT0004]\]                   24    15.0 ±0.6                                          44.0 ±1.9                                            5.03 ±0.24         1.11 ±0.28
  Nordic combined \[[@CIT0005]\]                     8     15.5 ±1.0                                          44.1 ±2.8                                            5.20 ±0.31         1.07 ±0.27
  Total number                                       107                                                                                                                              
  **Females**                                                                                                                                                                         
  Cross-country skiing \[[@CIT0001]\]                20    14.1 ±0.7^\[[4](#TF0004){ref-type="table-fn"}\]^   41.8 ±1.8^\[[3,4](#TF0004){ref-type="table-fn"}\]^   4.75 ±0.26         1.12 ±0.26
  Judo \[[@CIT0002]\]                                16    13.8 ±0.6                                          41.3 ±1.7^\[[4](#TF0004){ref-type="table-fn"}\]^     4.77 ±0.23         1.29 ±0.30
  Middle- and long-distance running \[[@CIT0003]\]   19    13.6 ±0.8                                          40.0 ±2.4^\[[1](#TF0004){ref-type="table-fn"}\]^     4.64 ±0.31         1.19 ±0.27
  Modern pentathlon \[[@CIT0004]\]                   14    13.2 ±0.4^\[[1](#TF0004){ref-type="table-fn"}\]^   39.3 ±1.4^\[[1,2](#TF0004){ref-type="table-fn"}\]^   4.59 ±0.22         1.19 ±0.37
  Total number                                       69                                                                                                                               

Hb -- hemoglobin, Hct -- hematocrit, RBC -- red blood cells, Ret -- reticulocytes.

Significant differences within male or female groups

The judokas demonstrated significantly higher percentage of Ret compared to middle and long distance runners, whereas this parameter remained within the reference range.

Significant differences among the studied women were found in mean levels of Hct, both in endurance athletes (cross-country skiing/modern pentathlon and running/cross-country skiing) and between judo and modern pentathlon. Mean levels of Hb concentration in the studied group of females differed significantly only between two endurance sports. In female modern pentathlon athletes, the mean value of this index was significantly higher than in cross-country skiers.

Discussion {#S0013}
==========

Our results confirm the earlier reports indicating higher relative tHb-mass in endurance athletes compared to untrained subjects \[[@CIT0009], [@CIT0010]\], and non-endurance athletes \[[@CIT0010], [@CIT0025]\], although it seems surprising that the levels of this parameter are very similar in different endurance sports and relatively low among both male (12.8--13.1 g/kg BM) and female athletes (10.4--10.6 g/kg BM). This is even more surprising because in most sports (except middle and long distance running), studies were conducted among elite athletes, members of junior and senior national teams. A much higher tHb-mass (about 14 g/kg BM) was observed in elite runners \[[@CIT0026]\], highly trained cyclists, and elite cross-country skiers \[[@CIT0027]\], as well as in runners with national and/or international competitive experience \[[@CIT0028]\]. Much higher levels were also observed in 23-year-old Swiss cross-country skiers and triathletes (14.2 g/kg BM), although the levels of tHb-mass observed in 16-year-old representatives of the same sports were substantially lower (12.4 g/kg BM) \[[@CIT0020]\], and in male elite German athletes (ranging from 13.3 g/kg BM in swimmers to 15.3 g/kg BM in professional cyclists \[[@CIT0010]\], but in the latter study a non-conventional method was used). Lower values similar to our results were found by Schumacher *et al*. \[[@CIT0029]\] among German athletes representing various endurance sports (cycling, cross-country skiing, long distance running and rowing) (12.7 ±0.9 g/kg BM) and Gore *et al*. \[[@CIT0028]\] among Australian rowers (12.6 g/kg BM).

Comparison of the tHb mass levels obtained in this study is difficult in the case of female athletes because of the very low number of studies performed in women. The comparison is also problematic because of the inclusion of the women in one group with men \[[@CIT0009]\] or collecting female athletes who represented different sports into one group \[[@CIT0025]\]. Much higher levels of tHb mass (12.3 ±0.9 g/kg BM) compared to the athletes in this study (10.4--10.6 g/kg BM) were observed in Australian internationally competitive female road cyclists \[[@CIT0021]\], although Gore *et al*. \[[@CIT0028]\] observed substantially lower levels in female rowers (10.6--10.9 g/kg BM), similar to those observed in the present study. Similar mean values of this parameter were also observed in elite female German hockey players, although it should be noted that this sport is not entirely of endurance character \[[@CIT0011]\].

There is some evidence that tHb-mass is related to FFM \[[@CIT0029]\], but in only a few studies was tHb-mass expressed per FFM, and those that exist have been conducted among male subjects \[[@CIT0029], [@CIT0030]\] or mixed groups \[[@CIT0025]\]; hence the difficulty in comparing the results. In this study, in the three biggest male endurance sport groups, the value of this parameter ranged from 14.2 to 14.6 g/kg FFM. Similar levels of tHb-mass/FFM (14.4 g/kg) were obtained by Schumacher *et al*. \[[@CIT0029]\] in a group of 65 athletes who represented different endurance sports, whereas Steiner and Wehrlin \[[@CIT0020]\] found, depending on the age of the subjects, the levels higher in a group of 21-year-old endurance athletes (15.2 g/kg FFM) and lower in a group of 16-year-old athletes (13.2 g/kg FFM).

Total haemoglobin mass in the male and female judokas in this study was 11.2 and 9.3 g/kg BM and was at a substantially lower level compared to the representatives of all the endurance sports in our study. It should be emphasized that the levels of tHb-mass measured for this sport were similar to those observed typically in untrained subjects \[[@CIT0019]\] and substantially lower than those found by Heinicke *et al*. \[[@CIT0010]\] in Alpine skiers and in leisure sportsmen, and compared to those measured by Hinrichs *et al*. \[[@CIT0011]\] in male and female hockey players, although the female and male judokas in our study represented a high international competitive level and the male group was additionally substantially older than the representatives of all endurance sports. Lower levels of tHb-mass in the elite judokas in the present study demonstrate that this index is not a prerequisite for achievement of high results in this sport, although some authors argue that higher aerobic power and capacity allow judo athletes to maintain a higher intensity throughout the match, delay accumulation of metabolites associated with the fatigue process and improve the recovery process between two consecutive matches \[[@CIT0031]\]. Low levels of tHb-mass in judo, comparable to the untrained subjects \[[@CIT0032]\], suggest that the contribution of exercise of endurance character is insufficient to stimulate the processes of increase in haemoglobin mass in blood, whereas the exercise of other character used in this sport does not affect this index.

Differences in tHb-mass kg/BM between the endurance and judo athletes were significant and were 12--14% in women and 14--17% in men, which is consistent with the differences observed in German athletes between downhill skiers and athletes from different endurance sports (7--25%) \[[@CIT0010]\]. A similar difference (15%) between endurance and non-endurance athletes was also observed by Ulrich *et al*. \[[@CIT0025]\] in 15--17-year-old athletes. When comparing tHb-mass calculated per fat-free mass, the differences observed between endurance and non-endurance athletes are substantially lower both in women (7--11%) and in men (6--13%), causing the significance of the differences between judo and some endurance sports (modern pentathlon and running in female and Nordic combined in males) to disappear. The same relationship has been emphasized by other authors \[[@CIT0020], [@CIT0025], [@CIT0030], [@CIT0031]\]. Furthermore, it should be noted that mean tHb-mass values calculated per fat-free body mass in endurance sport regardless of gender remain without significant differences. Among the studied male athletes, all the endurance sports were characterized by significantly higher BV calculated per kg body mass compared to judo, which was represented by significantly higher RCV and higher PV. This is consistent with the previous reports by others \[[@CIT0010], [@CIT0019], [@CIT0025], [@CIT0032]\], who demonstrated that endurance training affects in particular PV and consequently BV. However, the lack of longitudinal studies in this field does not allow for unequivocal determination of whether the significantly higher RCV and the resultant BV are a consequence of long-term exercise or genetic factors and the selection for endurance sports. It is worth emphasizing that the levels of BV, PV and RCV in males did not differ significantly in terms of the endurance sports analysed in this study (calculated both per total and fat-free body mass), although they remained at an average level, similar to tHb-mass. Much higher levels of the above volume indices were observed in German endurance athletes \[[@CIT0010]\]. The BV, PV and RCV in endurance athletes in the present study ranged from 90.8 to 94.0, 54.2 to 56.4 and 36.6 to 38.0 ml/kg BM, respectively, whereas in the study by Heinicke *et al*. \[[@CIT0010]\] these indices were higher than 100, 60 and 40 ml/kg BM, respectively, in 4 of 5 endurance sports. Similar higher values of the above volume indices in elite male athletes were also found by others \[[@CIT0020]\]. It should be noted that the differences between one of the endurance sports (Nordic combined) and judo calculated per fat-free mass were insignificant for all the measured volume indices and tHb-mass. This is likely to be caused by very low content of fat tissue in the group of Nordic combined athletes.

A similar relationship was observed among female athletes. All the three volume indices (BV, PV and RCV) calculated per total body mass differed significantly depending on the character of exercise (endurance or non-endurance), whereas additional significant differences in plasma volume were observed between cross-country skiing and modern pentathlon. Lower PV in cross-country skiers, without significant differences in BV, points to higher RCV levels in this group, which is confirmed by the highest value of RCV/FFM in this group (the only sport where this index was higher than in judo). This is also reflected by the highest mean tHb-mass/FFM (also the only group which differed in these terms from judo). In other endurance sports (middle and long distance runners and modern pentathlon) the BV was largely determined by the PV (the levels of PV/FFM higher than in judo). These results demonstrated that tHb-mass and volume indices normalized to FFM might provide additional information concerning the differences in terms of individual sports, which is not indicated when expressing these indices per body mass only.

A meta-analysis carried out by Schmidt and Prommer \[[@CIT0019]\] among 490 athletes living at sea level, concerning the relationships between VO~2~max and BM-related tHb-mass and BV, PV and RCV, demonstrated that mean values of tHb-mass found in this study in endurance sports (both in women and men) correspond to the levels found in high performance athletes. Furthermore, BV, PV and RCV levels correspond to the athletes characterized by the level between moderate and high performance, although the vast majority of female and male athletes demonstrated a high level of fitness (they were members of the national senior and junior teams). Lower values of the above-mentioned indices are likely to be caused by the low age of the subjects: nearly 60% of the studied athletes were under 20 years of age.

Mean values of volume parameters observed in judo, normalized to body mass, are (similar to tHb-mass) significantly lower compared to endurance disciplines. However, it is remarkable that BV was slightly higher than the levels observed in untrained persons \[[@CIT0007], [@CIT0010], [@CIT0019]\]. The levels of PV and RCV in judokas are also higher than mean values observed in untrained subjects; however, both indices are in the upper ranges of the normal values observed in people who are not training \[[@CIT0032]\].

The differences in the values of the above volume indices, expressed per kg body mass between the athletes from endurance and non-endurance sports (judo), are similar in females and males and are (depending on the sport) 11--17% for BV, 10--20% for PV and 11--15% for RCV, and in the case of the two first indices are similar to the differences observed by Heinicke *et al*. \[[@CIT0010]\]. In studies by these authors, the differences between downhill skiers and athletes from different endurance sports were 11--22% for BV and 12--19% for PV, whereas the differences in RCV ranged from 12% to 29% and in most of the endurance sports (apart from swimmers) they exceeded the upper level (15%) observed in the present study.

Despite the significant differences in tHb-mass between the sports with different character of exercise, its concentration remained at similar levels. The only significant differences in Hb concentration observed in the present study were found in female athletes from two endurance sports. The lack of significance of differences in blood morphology indices between sports of different character of the exercise, with simultaneously significant differences in tHb-mass and significant differences in the above-mentioned morphological indices in female athletes from some endurance sports, and the lack of significant differences in tHb-mass, confirm the previous reports which demonstrated that indices dependent on dilution, such as Hb, RBC and Hct, are not good parameters to provide an indirect measure of haemoglobin in blood in athletes.

The results of our study, both in male and female athletes, point out the lack of differentiation in relative values of tHb-mass, BV, PV, and RCV in endurance sports, and significant differences between the values of these indices among disciplines of different type. However, in our study athletes from only one non-endurance discipline participated, which is a limitation of this study. The obtained results do not allow us to explain why the above-mentioned differences exist, but only suggest that the type of the exercise might affect the level of these indices, although genetic determinants cannot be excluded. Longitudinal studies are needed to explain the above listed concerns.

Measurements of tHb-mass and BV parameters showed that in athletes (particularly in endurance sports) haemoglobin concentration and other morphological indices dependent on PV have limited diagnostic value in terms of the evaluation of haematological status.
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